Magnetic recording using circularly polarized femto-second laser pulses is an emerging technology that would allow write speeds much faster than existing field driven methods. However, the mechanism that drives the magnetization switching in ferromagnets is unclear. Recent theories suggest that the interaction of the light with the magnetized media induces an opto-magnetic field within the media, known as the inverse Faraday effect. Here we show that an alternative mechanism, driven by thermal excitation over the anisotropy energy barrier and a difference in the energy absorption depending on polarization, can create a net magnetization over a series of laser pulses in an ensemble of single domain grains. Only a small difference in the absorption is required to reach magnetization levels observed experimentally and the model does not preclude the role of the inverse Faraday effect but removes the necessity that the opto-magnetic field is 10s of Tesla in strength.
for comparison with the experiments of Ref. 10 and is investigated using atomistic spin dynamics 12, 13 which has proved invaluable for investigating both ultrafast laser induced magnetization dynamics 6, 11 and L1 0 FePt. 14, 15 For the inverse Faraday effect, the magnitude and duration of the opto-magnetic field is varied to construct the regime in which switching is possible. Following this we present an alternative, or additional, switching mechanism; a thermal 'reptation'-like model where switching occurs through thermal activation of the grains in analogy to Néel's reptation model of hysteresis behavior. In our case during a single laser pulse the grains will switch thermally and magnetic circular dichroism gives rise to a switching rate dependent on the helicity and grain polarity. Therefore, over a sequence of laser pulses a net magnetization averaged over an ensemble of grains will be induced. We utilize a 2 state Master equation model, using the switching probabilities calculated from the atomistic spin dynamics, to predict the evolution of the magnetization as a function of increasing laser pulses. The reptation model gives rise to magnetization changes which increase with the number of laser pulses and which are in agreement with experiments, suggesting that magnetic circular dichroism is the most plausible origin of the helicity dependent all-optical switching in granular FePt.
RESULTS

Switching induced by the inverse Faraday effect
The inverse Faraday effect has been long been suggested as a mechanism for helicity dependent all-optical switching but despite various theoretical treatments 3, 16, 17 its exact nature has not been fully understood. Therefore, we begin by investigating the magnitude and duration of the magneto-optic field, generated by the inverse Faraday effect, required to cause switching in FePt grains. To determine this we employ atomistic spin dynamics; whereby localized atomic magnetic moments are evolved using the Landau-Lifshitz-Gilbert equation. 12 The model is specifically parameterized for L1 0 FePt using the Hamiltonian derived by Mryasov et al., 18 for more detail see the methods section. The heating effect of the femtosecond laser is incorporated through dynamic electron and phonon temperatures, which are evolved using the two-temperature model. 19, 20 The system is equilibrated to room temperature before the laser pulse is applied. The opto-magnetic field is assumed to couple into the spin dynamics in the same manner as an applied field, that is initially zero but triggers with the laser pulse. The field is taken to have the form of a flat Gaussian with a variable central duration. To determine if switching has occurred, the system is simulated for 10 ps past the laser pulse and whether the magnetization has passed the m z = 0 plane is monitored. The large anisotropy in L1 0 FePt is sufficient that, despite this short timescale, the magnetization will then relax to the easy axis after the laser pulse. This is repeated 20 times to provide the probability of the grain switching from its original orientation into the reversed state.
The switching phase space, expressed as the percentage of unswitched grains, is shown in figure 1 for laser fluences of (a) 12 mJ/cm 2 and (b) 14 mJ/cm 2 . There is a clear region of deterministic switching for high field strength and long duration for both fluences. However for a 10 T field magnitude a duration of approximately 0.6 ps is required while for a large 60 T field this is only reduced to approximately 0.2 ps. This represents the opto-magnetic field remaining in the material in the range of 2 to 6 times longer than the pulse width at magnitudes which are hard to produce externally. With low field magnitude and duration the field is not sufficient to cause consistent switching but there is still a possibility of switching caused by thermal fluctuations yielding a thermally demagnetized film for sufficient laser fluence. Comparing (a) and (b) we can see that the increased fluence has not improved the switching window but rather the enhanced thermal effects causes a more randomized final state. This can be seen as in the low magnitude-short duration regime the probability of remaining unswitched is reaching 50%.
Thermal Switching Of Grains
Whilst the opto-magnetic fields required to cause switching through the inverse Faraday effect are large it is clear that the thermal effects can dominate the switching. The effect of the laser heating is to quickly demagnetize the grain within a few hundred femtoseconds but then the re-magnetization process is on the time-scale of picoseconds. 21 This implies that within a few picoseconds of the laser pulse the magnetization may thermally hop over the anisotropy energy barrier. This energy barrier is reduced due at elevated temperature due to magnetization fluctuations and is naturally included in the atomistic model.
22
To understand the role that thermal effects play, we now investigate the switching prob- ability, that is the probability of a grain to reverse its polarity during a single laser pulse as a function of the laser fluence without any opto-magnetic field. Figure 2 shows the switching probability averaged over 50 separate pulses in zero field and with a constant ± 1 T external field. As expected, at low fluences, below 8 mJ/cm 2 , the ratio KV /k B T is large and essentially the switching probability is zero. Above 8 mJ/cm 2 there is a possibility for the grains to switch direction and the probability increases strongly with fluence until about 14 mJ/cm 2 where the peak electron temperature is high enough to fully demagnetize the grain. At this point the grains would be evenly distributed between up and down and so the probability of switching would be 50%. Beyond 16 mJ/cm 2 both the electron and phonon temperatures remain above the Curie temperature on a much longer timescale governed by the cooling rate of the sample. The effect of a constant applied field is to provides a bias to the energy barrier and thus decreases or increases the switching probability depending on whether it is oriented parallel or anti-parallel to the starting magnetization.
Reptation model of helicity dependent switching
Within this picture we proceed to derive a simple formalism for the magnetization induced over a sequence of laser pulses. The mechanism of magnetization acquisition is as follows.
The laser heats all grains, but those grains oriented in the higher absorption direction will achieve a higher temperature with consequently a relatively large switching probability according to Fig.2 . Any such grains switched will reside in the lower absorption direction, with a reduced probability of switching back. In this picture we expect a greater probability of the grain ending in the lower absorption direction. We note that since the difference in absorption is small the magnetization change in a single pulse will be small. However, in the experiments performed by Lambert et al. the samples were subjected to a sequence of laser pulses at a repetition rate of 1kHz and consequently each grain will be excited by the laser around 1000 to 10000 times. This is expected to lead to a continuous acquisition of magnetization following each laser pulse; an optically-induced reptation, analogous to the magnetization changes accumulating after a number of field pulses in Néel's classical reptation phenomenon. In comparison to Khorsand et al.'s model of helicity dependent switching in GdFeCo; TIMS provides an underlying mechanism and occurs with a single pulse while our model here is driven by thermal switching and a final magnetization state is built over many pulses.
To estimate the induced magnetization caused by thermal switching with magnetic circular dichroism a two-state Master equation is used. Since we are interested in granular L1 0
FePt each grain is a single domain and the due to the large anisotropy the magnetization is fixed out of plane. Therefore we can consider the probability of each grain in the ensemble occupying either out of plane orientation. Due to the magnetic circular dichroism one of these states will absorb more energy and the other less so we consider the probability of the grain occupying the high or low absorbing orientation; n + and n − respectively. For simplicity we neglect inter-granular interactions, which firstly will not affect the underlying physics involved and secondly will be of limited importance since the switching takes place at elevated temperatures. The induced net magnetization, normalized to the equilibrium value, orientated in the direction of magnetization of the low absorption state is given by m = n − − n + . The time evolution of these is given by
(1)
where τ −1
± are the transition rates of the grain switching from the high (+) or low (−) absorption states to the other state. Earlier the probability of a grain switching was calculated for a single laser pulse; we now consider a repeating laser so that the reptation effect can occur. In this case the time domain is constructed as t = N/f l with N the number of the pulse and f l the repeat frequency of the laser pulse. Now the transition rates as a function of the laser fluence, F, are described by
where P (F δ ± ) is the probability of the grain switching by a single laser pulse and δ ± = 1 ± ∆/2 is a factor describing the difference in the absorbed fluence due to the magnetic circular dichroism. ∆ is the MCD ratio, which is of the order of a few percent. For a detailed parameterization of this model the switching probability is taken to be that found using the atomistic spin model in Fig. 2 . A function is fitted to the data for each of the different field strengths and a linear interpolation of the fitting parameters is used; more details are provided in the methods section. At low fluence the switching time is large and so many laser pulses are required to reach the final induced magnetization. At higher fluences the induced magnetization saturates within a few pulses but since thermal effects are higher the induced magnetization is lower.
In equilibrium the states will satisfy detailed balance; using this condition and the conservation of the total probability, n + + n − = 1, we find
This shows the steady state average magnetization achieved over a series of laser pulses. In essence this relies on the relative difference in the transition rates which can be non-zero even at very low laser fluence.
Solving equations (1) and (2) the time dependence of the induced magnetization is given by
with the magnetization relaxation rate given by
τ is shown in figure 3 . it is easy to show that the gradient for a small number of laser pulses is
where ∆P = P (F δ + ) − P (F δ − ). This shows that over a few laser pulses the acquisition of magnetization is essentially linear building up after each step. Equation (8) One can estimate the MCD from measurements of the polar Kerr rotation in radians which, for L1 0 FePt with a 800 nm laser, appears to be approximately 0.87%. 24 However, it does not exclude the IFE from playing some role in the switching but importantly it removes the necessity to invoke the unreasonably large opto-magnetic fields required for the IFE to be the dominant mechanism. Finally, we have shown that optically-induced switching via a series of laser impulses, the optical reptation effect, is a new mechanism distinct from TIMS in granular ferromagnets. Although the effect is relatively weak, as found experimentally by Lambert et al., 10 it is likely that optimization of material parameters using the ideas presented here could lead to a new approach to energy assisted magnetization reversal.
The method would require temperatures below the Curie temperature which would be a considerable practical advantage.
METHODS
Atomistic Spin Dynamics
Atomistic spin dynamics models the magnetic material as Heisenberg (classical) spin moments that are localized to the atomic sites. The dynamics modeled by the time integration of the Landau-Lifshitz-Gilbert equation:
where the effective field is given by H i = −∂H/∂S i + ξ i , λ is the atomistic damping (coupling) and µ s is the magnitude of the spin magnetic moment. The ensemble is kept at a finite temperature by using a Langevin thermostat, whereby a stochastic thermal noise term is coupled into the effective field. The thermal noise is a Gaussian white noise process with the following mean and variance:
To integrate the coupled equations of motion the semi-implicit method is used 25, 26 which is integrated using a time step of ∆t = 1 × 10 −16 s. To accelerate the dynamics the model is implemented on graphics processing units (GPUs).
FePt is modeled in the ordered L1 0 phase using an effective, classical spin Hamiltonian which was constructed earlier 18 on the basis of first-principles calculations of non-collinear configurations calculated using constrained local spin density functional theory. It was found that magnetic interaction parameters are strongly affected by the fact that the magnetic moment of the Pt sites is entirely due to the exchange fields provided by the Fe sites.
It was shown that this important feature of the electronic interactions can be taken into account within a model of localized Fe magnetic moments with modified effective magnetic interactions. In addition to the commonly considered Heisenberg exchange and single-ion anisotropy these modified effective magnetic interactions include an isotropic exchange term dependent on the Pt intra-atomic exchange as well as an effective exchange mediated two-ion anisotropy. 18 The full Hamiltonian, described in detail in Ref. 18 , is
where the S i = µ i /µ s are three-dimensional reduced magnetic moments of unit length. The first sum represents the exchange energy of magnetic moments and the two-ion anisotropy is not restricted to nearest-neighbor interactions. The exchange interactions J ij (and consequently also d
ij ) have to be taken into account up to a distance of 5 unit cells until they are finally small enough to be neglected. The two-ion anisotropy parameters d (2) ij are the dominant contribution to the uniaxial anisotropy energy in relation to the single-ion term
which is represented in the second sum.
Incorporating the femto-second laser
The effect of the laser is incorporated using the two temperature model 19 where the electrons and phonons exist as distinct heat baths in quasi-equilibrium. The laser couples directly to the electron heat bath which then transfers energy to the phonon and spin system.
In this case the spin thermal noise above is coupled to the electron temperature and the spin ensemble itself represents the spin heat bath and no separate temperature is assigned to it. The temporal evolution of the electron, T e , and lattice temperatures, T l , are governed by the following equations:
27 C e ∂T e ∂t = −G el (T e − T l ) + P (t) − C e T e − T room τ ph (13)
where C e and C l are the electron and phonon heat capacities respectively and G el the electron-phonon coupling constant. P (t) describes the laser heating power which has a
Gaussian shape centered at t 0 with the pulse width τ l = 100fs. The fluence, F , is coupled through a material specific constant I 0 . Parameters for granular FePt are given by Mendil et al. 27 which are extracted from comparison to experimental results.
Theoretical treatments of the inverse Faraday effect predict that in interaction of the polarized light with a magnetized media will create a magnetization or magnetic field within the media. 4, 16 Following the description given by Kimel et al. 28 the resulting field depends on the electric field of the laser, E, as
where ε 0 is the vacuum dielectric constant and α is the coefficient of the magnetization linear term in the expansion of the dielectric tensor ε ij . The direction of the field is either parallel or anti-parallel to the propagation direction, depending on the helicity, and so we consider perpendicular set up where this is along the film normal, i.e.ẑ. Whilst there is various theoretical predictions for the strength of this field we leave this as an open parameter. Thus, the opto-magnetic field utilized in the spin dynamics simulations is
where h IFE and t d are the magnitude and duration of the IFE field respectively. t 0 and τ l are the centre and pulse width of the laser in the same manner as used to model the heating effects of the laser.
Probability Of Switching Extracted From Atomistic Spin Model
To parameterize the two state Master equation the probability of a single grain switching is calculated using atomistic spin dynamics. The results are shown in figure 2 ; and to provide a functional form the following equation is fitted to each of the data sets
with P ∞ , F 0 and ∆F as fitting parameters. With no external field the effect of a sufficiently high fluence will be to demagnetize the grain completely and as F → ∞ the grain
